A theoretical model is presented for the determination of the optimum excitation frequency for the production of a fluorescence signal which is proportional to the mole-fraction of the target species while having minimal sensitivity to pressure and temperature variations. The results of the model are applied to the mixing region behind a range of scramjet fuel injectors in a shock tunnel with the aim of obtaining measurements of fuel mole-fraction. Experimental images are presented of fluorescence in streamwise and cross-planes. Analysis of the flowfields produced by a castellated and a plane-base injector shows that the castellated injector has a slight advantage over the plane-base injector, particularly in the near field.
Introduction
One of the proposed propulsion systems for the next generation of aerospace planes is the supersonic combustion ramjet (scramjet). It is perhaps the most promising candidate for an air-breathing engine capable of operating at hypersonic speeds. One of the challenges associated with the design of a successful prototype scramjet is the requirement to achieve a sufficiently high degree of mixing between the fuel and air so that the injected fuel undergoes combustion prior to its expulsion from the vehicle.
1
It is well known that mixing of air and fuel at supersonic speeds is not efficient. 1 Mixing enhancement is therefore necessary to ensure that combustion occurs sufficiently rapidly to provide adequate thrust. This can be assisted by fuel injector design. One method of mixing enhancement that is being investigated is termed hypermixing 2, 3 and injectors that employ this method are called hypermixers. Hypermixing involves the generation of streamwise vorticity that acts to increase the surface contact between the fuel and air streams. The aim of this investigation is to qualitatively and quantitatively study the performance of such hypermixing injectors using an instantaneous, quantitative planar laser-induced fluorescence (PLIF) mole-fraction imaging technique.
4
Many traditional line-of-sight techniques have been used to study scramjet injectors including schlieren, shadowgraph, 5, 6 and interferometry. 3, 7 However, these methods are insensitive to flow variations along the light's path. By contrast, PLIF is suitable for both qualitative flow visualisation and quantitative measurements of complex three-dimensional flow fields. This technique provides species and quantumstate specific information with extremely good spatial and temporal resolution.
PLIF involves illuminating the flow with a thin sheet of laser light tuned to excite electronic transitions in a chemical species in the flow. Here, the species is nitric oxide (NO) which is a minor component in the flow being studied. The fluorescence induced by this illumination is focussed onto an intensified charge-coupled device (ICCD) camera to produce an image of fluorescence intensity in that region. With judicious choice of transition and a sophisticated analysis, the technique can yield measurements of temperature, 8 pressure, 9 velocity 10 or species concentration.
11 Many of these techniques rely on averaging a number of images, or taking a ratio of averaged images. However, the present flow is highly turbulent and non-repeatable in detail. Therefore, a method which will give instantaneous quantitative information on mixture-fraction in a single measurement, is required.
The PLIF signal is a function of temperature, pressure, species concentrations and a number of known experimental parameters. 12 To directly measure the mixture-fraction, a strategy must be developed to minimise the temperature and pressure dependencies 1 American Institute of Aeronautics and Astronautics
99-0774
of the PLIF signal intensity. This can be achieved by the choice of gases used in the free stream and fuel, and by choosing a frequency which simultaneously excites both low-and high-J transitions.
The work reported here centres around the attempt to make quantitative measurements of the molefraction in the presence of pressure gradients and large temperature variations. In this paper this method is demonstrated by the investigation of mixing layers behind hypermixing injectors injecting fuel into a Mach 4.8 co-flowing freestream.
PLIF Theory
The PLIF signal is a function of temperature, pressure, mole-fraction and a number of other known experimental parameters and is written as
where the summation is over all transitions; E p is the laser energy per pulse; A las is the cross-sectional area of the laser sheet; χ a is the mole-fraction of the absorbing species; P is the pressure; k is the Boltzmann constant; T is the temperature; f J is the Boltzmann fraction of the absorbing state, which has rotational quantum number J ; B is the Einstein coefficient for absorption; g is the spectral overlap integral, defined in detail below; A is the effective rate of spontaneous emission for all directly and indirectly populated states; Q is the total collisional quenching rate of the electronic excited state; and C opt is the efficiency with which photons emitted from the gas are converted to photoelectrons in the ICCD camera. C opt depends on the collection optical arrangement, spectral filtering, temporal gating, photocathode quantum efficiency, and intensifier gain. The term A A+Q is known as the fluorescence yield, φ. The PLIF signal, as defined in Eqn. 1, has both explicit and implicit dependencies on temperature and pressure. Implicit temperature dependencies enter the signal equation through the Boltzmann fraction, the spectral overlap integral and the quenching rate. Pressure dependence is implicit in the overlap integral and the quenching rate. These terms are discussed in detail below.
The Boltzmann fraction, f J , expresses the population of rotational levels and is a function of temperature. It is given by
where J is the rotational quantum number of the lower rotational level and E is its energy. The spectral overlap integral,
determines the overlap between the laser spectrum and a particular transition. The parameter, g l , is the spectral profile of the laser; g a is the absorption line shape, assumed to be a Voigt profile; ν l is the laser frequency; ∆ν l is the laser linewidth; ν a is the absorption line frequency; and ∆ν a is the absorption linewidth. The functions g l and g a are normalised so that their individual integrals over all frequencies are unity. Shifts and broadening of transitions due to pressure and temperature are taken into account in the integral of the absorption lineshape. 15 Due to the geometry of the flow, Doppler shifts are expected to be small and are neglected in this analysis.
The quenching rate depends on both pressure and temperature, as well as the species present in the flow:
where v NO = 8kT /πm NO ; m NO is the molecular mass of NO and the total electronic quenching crosssection is given by
The summation in Eqn. 5 is over all perturbing species p; χ p , m p and σ p are the mole-fraction, molecular mass and quenching cross-section of the perturbing species, respectively.
An understanding of the implicit temperature and pressures dependencies described by Eqns. 2 -5 is important in developing a technique that is capable of instantaneous mixture-fraction imaging with minimal temperature and pressure sensitivities. These equations have been used to compute PLIF signal intensities for comparison with supersonic shock-layer experiments performed previously. 16 In this previous work, agreement with experimental measurements was excellent, lending support for use of the PLIF model in this analysis.
In many applications of PLIF, it is best to tune to an isolated line, ensuring that neighbouring lines do not contribute to the PLIF signal. This simplifies quantitative analysis. However, to measure the molefraction directly, a strategy must be devised to minimise the temperature and pressure dependence of 2 American Institute of Aeronautics and Astronautics the signal. For example, by making some assumptions, simplifying the parameters in the signal equation and by exciting overlapping transitions with the same laser pulse, Clemens 17 achieved a fluorescence intensity that was directly proportional to the molefraction of NO. However, the temperature range of his work (140-270 K) was far smaller than that required in our fuel-air mixing studies (190-1200 K). Furthermore, the simplifying assumptions used in his work are not valid for the chemical environment of our flows. These restrictions have provided the current motivation to develop a technique suitable for a larger temperature range and the required chemical environment.
The aim of this work is to produce signal proportionality to NO mole-fraction, that is, S f ∝ χ NO . From Eqn. 1, this can be satisfied if the term
is constant, independent of temperature and pressure.
For the purposes of calculation, it is assumed that the only variation in temperature is that due to the isobaric mixing of cold fuel with hot free stream gases. The temperature is then calculated using an enthalpy balance:
The subscripts, fuel, ∞, and mix refer to the pure fuel stream, pure free stream, and a mixture of the two respectively; and c p is the specific heat of the streams.
There are a number of variables available to adjust in order to achieve the desired outcome: the operating conditions; the gas compositions; and the frequency and linewidth of the laser.
The flow conditions were chosen to achieve moderate total enthalpy and to be near-hypersonic while staying within the operating envelope of the shock tunnel. The free stream must be predominantly N 2 and the fuel mostly H 2 so that mixing can be analysed without the complication of combustion. A Mach number of 4.8 was chosen for the free stream so that the Mach number would be similar to those at the inlet of scramjet models tested in the same facility. 2 However, a lower static temperature and a lower static pressure were used to ensure that combustion was inhibited. The operating conditions of the injector were chosen so that the fuel-jet static pressure matched that of the free stream gas in the test section. The conditions are discussed in more detail below.
The amount of NO in the freestream was determined by the maximum tolerable absorption and the required quench rate, Q. Absorption was limited to 2% cm −1 to obtain relatively uniform illumination. This gave an upper bound to the amount of NO that can be present in the test section. If the amount of the quenching species (O 2 and N 2 ) is chosen such that Q A (see Eqn. 6), this ensures that the implicit pressure dependence in the quenching cancels out the explicit pressure dependence of the PLIF signal. A trade-off must be made here, because a quenching rate that is too high will produce a signal that is too low, while a quenching rate that is too low will cause the signal to have a large pressure dependence. Once the amount of NO in the free stream has been determined according to the above considerations, the composition of the shock tube gas needs to be determined by choosing a mixture that will produce the required amount of NO after the gas has been shockheated and then expanded through the flow nozzle of the shock tunnel facility. In this way, it was determined that a mixture of 98% N 2 with 2% O 2 would be required in the shock tube.
It is also necessary to have the quench rate uniform throughout the flow. This ensures that the value of quenching is approximately the same for all values of T mix , so that the lifetime of the fluorescence in all regions of the image is the same. To address this problem, trace amounts of CO 2 , which is non-toxic and a strong quencher, 18 were added to the H 2 . With CO 2 present in only trace amounts, the fluid mechanical behaviour of the fuel is indistinguishable from that of H 2 .
The choice of laser excitation frequency was also very important in ensuring that variations in K are minimised. The Boltzmann fraction, f J , which appears in Eqn. 6 for K, is very different for low-and high-J lines. Low-J transitions are more highly populated at low temperatures, while high-J lines are more highly populated at high temperatures. By choosing the laser frequency to excite both low-and high-J transitions, the effective Boltzmann fraction can be fairly insensitive to variations in T mix . Thus, this will produce a value for K over a range of T mix that is more constant than that produced by tuning to a single, isolated line. Once the excitation frequency is chosen, the absorption must be calculated again to check that it is still ≤2% cm −1 . If this is the case, the only parameter left to adjust is the laser linewidth. The best linewidth is one that is sufficiently broad in order 3 American Institute of Aeronautics and Astronautics
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to overlap a number of transitions.
Line selection
Calculations done over the entire A-X(0, 0) NO spectrum determined that the optimal laser frequency was at 44282.38 cm −1 , centred on the p P 11 (27) transition. Figure 1 shows the contributions to K, from all the lines overlapped by the laser and the combined value of these, for increasing amounts of free stream gas. (18) pP22 (31) rR11 (12) rQ21 (12) oP12 (40) qQ22 (24) qR12 (24) sR21 (8) qP21 (19) qQ11 ( Though a number of lines contribute to the final result, the most dominant lines are the p P 11 (27), q Q 22 (24) and s R 21 (8) transitions. These three transitions most clearly show the effect of the Boltzmann fraction on the signal: the s R 21 (8) has a high signal for low temperatures, while the p P 11 (27) and q Q 22 (24) transitions have a high signal for higher temperatures. When summed together these produce a signal that is proportional to the mole-fraction of NO and a reasonably constant K, as desired.
PLIF signal intensity variation for pressures of 10, 30 and 50 kPa is shown in Fig. 2 . At a free stream molefraction of 1.0, the region of highest signal variation with pressure, the signal changes by only 25% even though pressure is increased fivefold, indicating that the PLIF signal is nearly independent of pressure. To further reduce this pressure dependence, the quench rate could be increased, at the cost of reduced signal.
The PLIF signal is shown in Fig. 2 to be a monotonic function of fuel mole-fraction for a given pressure. Therefore, the theoretical modelling can be used to convert experimental PLIF images to a quantitative measure of fuel mole-fraction. 
Experiment

Flow conditions and model
The experiments were performed using a free-piston shock tunnel. A 125 mm exit-diameter conical nozzle with a 35 mm throat-diameter was used to produce the required flow Mach numbers. Free stream conditions with a static pressure of 40 kPa, a static temperature of 700 K and Mach number of 4.8 were produced. The O 2 /N 2 test gas mixture produced approximately 1.6% NO, 1.2% O 2 , 0.06% O, with a balance of N 2 by volume in the test section (calculated using the computer code STUBE 20 ). The injected fuel was at a pressure of 40 kPa and a temperature of 190 K, giving a Mach number of 1.7. The fuel gas contained 0.3% CO 2 with a balance of hydrogen.
The supersonic flow produced by the tunnel passes over a centrally-mounted plate into which each injector is inserted. The injectors used in this investigation are shown in Fig. 3 . The injector at the top of the figure is referred to as the plane-base injector and is used as the datum injector. The other three injectors are hypermixers. The first of these (b) is referred to as the castellated injector because of its segmented blunt trailing edge.
21 Such trailing edges have been shown to reduce drag by converting some of the spanwise vorticity into streamwise vorticity. 3 The others are referred to as the (c) unswept compressionexpansion ramp (UCER) and (d) swept compressionexpansion ramp (SCER), respectively.
For the castellated injector, streamwise vorticity is generated by pressure differences between the projection surfaces and recess regions. In the case of the ramp injectors, the pressure differences on the compression and expansion surfaces produce streamwise vorticity. The resultant streamwise vorticity forms into pairs of counter-rotating vortices which entrain the injected fuel. This causes the fuel-air interface to stretch and therefore increases the mixing. The addition of sweep to the compression-expansion ramp increases the strength of the vorticity generated.
A schematic of the experimental arrangement is shown in Fig. 4 . The operation of the shock tunnel is described by Stalker. 22 Before firing the tunnel, the laser was tuned to a particular NO transition and pulsed at a fixed repetition rate. The recoil of the tunnel initiates an electronic trigger which stops the laser from continuously triggering and, with a preset delay, triggers the injection system. A transducer in the nozzle reservoir region registers the shock reflection from the end of the shock tube and the laser and camera systems are triggered 1.4 ms later. This delay corresponds to the time period during which the flow was steady in the test section.
PLIF Excitation and Detection
Light from a Nd:YAG laser at a wavelength of 1064 nm passes through a frequency-doubling crystal producing 532 nm light which pumps a dye laser operated with a mix of Rhodamine 590 and 610 laser dyes. The dye laser outputs light at 574 nm which is frequency-doubled and then mixed with the residual 1064 nm light to produce UV light at 226 nm. This light excites transitions in the A 2 Σ + ← X 2 Π(0, 0) band of NO. Part of the beam is split off and used to monitor the laser energy and for wavelength calibration by passing it through a flame; the LIF from the flame is imaged onto a spectrometer and detected by a photomultiplier tube. Each pulse of the laser usually produces about 3 mJ of energy. A low pressure, room temperature LIF spectrum determines an upper limit to the linewidth of 0.9 ± 0.1 cm −1 . When injection-seeding the Nd:YAG laser, the laser linewidth is observed to be 0.5 ± 0.1 cm −1 .
The UV light is formed into a sheet with a 400 mm focal length cylindrical lens, then focused with a 500 mm focal length spherical lens to a thickness of approximately 600 µm. A mask before the test section shortens the width of the beam from approximately 60 mm to 30 mm. This ensures a relatively uniform beam profile passes through the test section to excite the chosen transition of NO.
The fluorescence is imaged normal to the direction of the laser sheet onto a thermo-electrically-cooled ICCD camera. A UG-5 Schott glass filter is used to spectrally filter the fluorescence to remove any elastic scatter. A dye cell is used to monitor the energy variation in the laser sheet profile which is captured on a CCD camera simultaneously with the PLIF image of the flow. This profile is later used for correction of the image.
Results and Discussion 
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the grey masks at the left of the image. Flow is from left to right. All streamwise images have the laser sheet passing through the injector nozzle centreline, parallel to the flow and perpendicular to the injector strut. The laser sheet enters from the top of the image producing the shadow region beneath the injectors.
Expansions around the base of the injectors can be seen as can the recompression shocks which force the flow to travel parallel to the free stream following its passage through the expansion. The large variation in signal level in each of these features indicates a a pressure dependence in the signal which is greater than that expected from the analysis (see Fig. 2 ). In regions where pressure variations are small, such as between the recompression shocks, the signal is monotonically dependent on fuel mole-fraction. The images in Fig. 5 have not been corrected to achieve a direct proportionality of signal to fuel mole-fraction. However, the scale to the right of the image indicates qualitatively the amount of fuel present at any point between the recompression shocks. For both injectors, the recirculation zone at the base of the injectors entrains the fuel, spreading it over the entire base region. The fuel-jets then narrow while passing through the wake neck before spreading out again. It is at this point that the two flowfields start to differ. The vertical spread in the jet issuing from the plane-base injector increases very slowly over a distance of ten base-heights. Evidence of large scale structures inclined at about 45
• to the flow direction are apparent.
In contrast to this, the castellated injector shows a much greater vertical spread in the fuel-jet over the same distance and evidence of vortex enhanced mixing from about four base-heights. After this point, there is an increasing interaction between the fuel and the free stream with the appearance of eddies which grow with distance downstream. At about five baseheights, the fuel-jet appears to separate into two, most likely due to the interaction with streamwise vortices. The fuel concentration appears to decrease with downstream distance for both injectors.
Both ramp injectors also show entrainment of fuel near the base of the injectors, as seen in Fig. 6 which shows the streamwise images for the UCER and SCER injectors. The bifurcation of the fuel-jet, seen in the castellated injector, occurs much closer to both ramp injector bases. After this separation the two jets appear to diverge. Between three and five base-heights for the SCER injector the fuel concentration decreases, while for the UCER the fuel concentration appears the same from near the base to the end of the imaging plane. At five base-heights the fuel concentration increases again. This feature is most likely caused by streamwise vortices generated by the injector geometry, moving the fuel in and out of the imaging plane.
The images of the streamwise planes, while highly useful, cannot provide a complete and unambiguous report of the flowfield. For instance, movement of fuel in and out of the imaged plane could be incorrectly interpreted as resulting from more rapid mixing than actually exists in the flow. By obtaining cross-plane PLIF images, it is possible to remedy this shortcoming and obtain a quite complete picture of the flow development and the progress of the mixing. and castellated injectors. Flow is out of the page and the light in the laser sheet enters the field of view from above. These images have not been converted to fuel mole-fraction. The fuel-jet issuing from the plane-base injector does not spread much in a horizontal direction. It does contain eddy-like features at the periphery of the jet, the largest of which is approximately 15% of the initial width of the jet. The interfacial length between the fuel and the free stream does not increase as rapidly as for the castellated injector.
The castellated injector images show fuel spreading out across the base of the injector, caused by the evolution of streamwise vortices. This set of four streamwise vortices at the outer edges of the twin fuel-jets are clearly visible on the left and right of Figs. 7 e and f. These vortices appear to play a significant role in stretching the fuel-air interface at distances less than five base heights from the injector but, further downstream, they dissipate leaving eddies to assume the dominant role in further fuel-air mixing. These eddies are of similar size to those in the plane-base injector flowfield for the castellated injector, and present in similar numbers. Given that the castellated injector has approximately 1.5 times the fuel injection nozzle area, the interfacial area of 7 American Institute of Aeronautics and Astronautics
cross-plane the two injectors appears comparable. Figure 8 shows the cross-plane images for the UCER and SCER injectors. At one base-height the UCER injector shows a greater fuel spread across the base of the injector. In both flows, the fuel-jets are quickly separated into four regions. This is thought to be due to powerful streamwise vortices originating in the flow at the vertical downstream edges of the ramps. The vortices are still apparent at five base-heights. This indicates that the vortices produced by the ramp injectors are stronger than those produced by the castellated injector, which, by five base-heights have dissipated. In addition to this, the mixing for the ramp injectors is seen to be more efficient than the castellated injector because unlike the vortices produced by the castellated which affect only the periphery of the fuel-rich region, the UCER and SCER vortices appear to cause large intrusions of fuel-lean fluid into the centre of the fuel-rich region from either side. These intrusions cause the increase in the interfacial area by separating the fuel-rich regions into four distinct areas. By the time the flow reaches ten base-heights downstream the vortices appear to have dissipated.
When comparing the UCER to the SCER, it appears that the SCER is slightly more effective at mixing enhancement. At each downstream position, the vortices produced by the UCER injector are not as strong as those produced by the SCER injector. The SCER flow is slightly more advanced at each position. Similarly, the interfacial area between fuel and free stream for the UCER injector is not as great as that for the SCER injector. In apparent contradiction of this inference, the fuel in Fig. 8d seems more dilute than in 8h, indicating that the UCER injector has a better mixing performance at ten base-heights. It must be recognised, however, that each image is obtained from a single experiment and this apparent reversal of the trend may be due to jitter in the measurement. Cross-plane images at different stages of the image correction process are shown in Fig. 9 for the planebase injector at three base-heights. The original image is on the left. Due to experimental constraints, which limited optical axis to an off-axis perspective (see Fig. 4b ), cross-plane images are distorted and rotated. In order to correct for this, an image of a rectilinear grid was taken before each experiment. The distortion and rotation of the grid was then corrected using image-processing software and the correction parameters recorded for later use, so that an identical correction could be applied to the corresponding image. The result of this correction is shown in Fig. 9b . The final image on the right is the conversion of this instantaneous cross-plane image to fuel mole-fraction using a theoretical relation between signal and molefraction such as those shown in Fig. 2 .
The corrected image shown in Fig. 9 is useful for comparison with time-dependent CFD calculations. However to allow for future comparisons with timeaveraged CFD calculations, the images are further processed by averaging the results from each of the three nozzles on each injector configuration. This averaging process relies on the assumption that the time-averaged flow associated with neighbouring nozzles for a particular injector are identical. This averaging process was used in the current work in preference to averaging over a large number of experimental runs because of time constraints on the facility. Only the plane-base and castellated injectors will be subjected to this analysis as the contribution of pressure variations to the PLIF signal for the ramp injectors is too great to allow meaningful results to be obtained at this stage. Figure 10 shows the averaged images converted to mole-fraction. It is important to note that the conversion to mole-fraction via our theoretical modelling is only valid between the recompression shocks where the pressure is relatively uniform. This limitation must be taken into account when viewing Fig. 10 . There are several ways of comparing the two injectors using these mole-fraction images. The two used in this paper are: (i) the area of the image at a stoichoimetric mix of 42% fuel as a function of downstream distance; and (ii) the maximum percentage of fuel at each distance downstream. Figure 11 shows, for each corrected image, the area containing fuel-mixture fractions within ±2.5% of the stoichiometric mixture-fraction of 42% fuel, normalised by the fuel injection nozzle area. The planebase injector behaves as expected with the amount of the fuel at the stoichiometric mixture-fraction increasing with distance downstream, indicating that mixing is occurring. However, the castellated injector shows a sharp drop to a minimum in the stoi- chiometric mixture-fraction before slowly increasing again between five and ten base-heights. This could be due to a number of factors. At one base-height the recirculation zone is affecting the flow and mixing, resulting in a high value of fuel at stoichiometric mixture-fraction. The pressure dependence in the PLIF signal may also be playing a role by artificially decreasing the high fuel mixture-fraction in the poorly mixed jet towards the stoichimetric values in this low pressure region. At three base-heights the flow has moved away from this region and the streamwise vortices have formed. By five base-heights diffusion is replacing vortex-enhanced mixing, the pressure effects are weak and an increase in the stoichiometric mixture-fraction is observed. The castellated injector, even taking the difference in fuel injection area, has a higher proportion of the flowfield at a stoichiometric mix. Figure 12 shows the maximum percentage of fuel present as a function of downstream distance. The castellated injector appears to be better in the near field than the plane-base injector, with the maximum percentage of fuel dropping. After about five baseheights the two injectors show much the same behaviour.
Conclusion
A theory for instantaneous PLIF imaging of fuel mole-fraction in a flow with pressure gradients and large temperature variations has been presented. The aim was to achieve PLIF signal intensity proportional to fuel mole-fraction, independent of temperature and pressure.
The PLIF signal was strongly dependent on the gas composition, laser excitation frequency and linewidth. Gases with sufficiently high quenching cross-section to achieve Q A, reducing the signal's pressure dependence, were chosen. The laser excitation frequency and linewidth were chosen to overlap a number of transitions with both low-and high-J rotational numbers. This assisted in removing the temperature dependence of the signal. Optimising the parameters in the PLIF signal equation produced a proportionality to mole fraction within ±12%, according to theory.
Experimental PLIF images in the mixing regions of plane-base, castellated, unswept compressionexpansion ramp, and swept compression-expansion ramp injectors were obtained in both streamwise planes and cross-planes using the optimum laser frequency and other conditions specified by the theory. The streamwise images showed evidence of eddies and vorticity, but are complicated to interpret due to the three-dimensional nature of the flow. These images show that the signal is proportional to fuel molefraction and insensitive to temperature. However, the images did show pressure dependence with the expansion around the injectors and the recompression shocks clearly visible in the images. The effect of this pressure dependence was smaller for the plane-base and castellated injectors than for the ramp injectors, so they were analysed further.
The variation of stoichiometric fuel mole-fraction as a function of downstream distance showed that the castellated injector has a slight advantage over the plane-base injector, while the maximum percentage of fuel showed little difference between the two injectors.
